Two new methods are presented for determining the orientation distribution of magnetic tapes from measurements of the angular dependence of remanence. A closed-form expression is presented which allows a two-dimensional distribution function to be directly calculated from the remanence measurements. We have also adapted the method of maximum entropy to numerically calculate the distribution function. This method selects a distribution function which maximizes the entropy subject to the constraint that the fit cannot be better than the assumed error in the measurements. Results are presented which show very good agreement between the two methods. © 1997 American Institute of Physics. ͓S0021-8979͑97͒57208-2͔
I. INTRODUCTION
An accurate knowledge of the orientation distribution of magnetic particles is often important in understanding the bulk magnetic properties of a sample. An example is the calculation of the damping constant ͑the intrinsic linewidth͒ of a magnetic tape from measurements of ferromagnetic ͑FMR͒ spectra. Even in well-oriented tapes the FMR spectrum can be strongly affected by particle orientation, and an accurate knowledge of the distribution function can be used to deconvolute the spectrum in order to obtain the damping constant.
1
Shtrikman and Treves 2 have developed a method for determining the orientation distribution from measurements of the angular dependence of remanence. In their technique the remanence is measured in the plane defined by the easy axis of the sample and the applied field in directions both parallel (I p ) and transverse (I t ) to the saturating field as a function of the angle ␤ between the field and the easy axis. Under the assumption that the particles are non-interacting and that the orientation distribution is axially symmetric,
where f ͑␣͒ is the orientation distribution function, ␣ is the angle between the particle axis and the easy axis of the sample, and , are spherical coordinates with the z axis in the field direction. They show that I p and I t are related by
Shtrikman and Treves derive a rather complex solution for f ͑␣͒ as a function of I p ͑or I t ͒ involving a series expansion of Legendre polynomials. As they point out, however, this solution does not yield accurate results if the samples are highly oriented. Another limitation of the method is the assumption that the orientation distribution is axially symmetric, which is often not the case, especially for magnetic tape samples.
el-Hilo et al. 3 have looked at the special case of twodimensional orientation. Following the Shtrikman and Treves method, they have shown that the distribution function can be written in a harmonic series with coefficients involving integral expressions of I p .
Although this technique is a simplification of the Shtrikman and Treves method, an accurate and more straightforward method for determining the distribution function is desirable. In this paper we demonstrate and compare two accurate methods for determining a two-dimensional distribution function from the angular dependence of remanence. The first method uses a closed-form analytical solution, and the second method is a numerical technique.
II. CLOSED-FORM 2D SOLUTION
For two-dimensional orientations, I p and I t are given in terms of f ͑␤͒ by the expressions
If the distribution function is assumed to be symmetric, it can easily be shown from the above equations that Eq. ͑2͒ is valid and also that
Thus, 
Therefore, the distribution function can be directly and easily calculated from I p or from I p and I t .
III. METHOD OF MAXIMUM ENTROPY
The Maximum Entropy ͑MaxEnt͒ technique is a numerical method which permits the solution to positive, linear superposition problems without requiring an initial choice of the functional form or absolute magnitude of the solution. It has recently been applied by one of us ͑H.G.Z.͒ to determine Ni particle size distributions from magnetization curves. 4 In order to apply MaxEnt to the solution of Eq. ͑3͒, it easier to write it in the equivalent form
The integral space in Eq. ͑8͒ is then discretized into N bins; that is,
where
Summation is implicit for i over ͕1...P͖ and for j over ͕1...N͖, where P is the total number of experimental data points. The A i j are given by
MaxEnt maximizes the entropy
where f j are the discretized distribution functions and b j are the arbitrary starting values of f j , subject to the constraint
and where I i are the measurement values, y i are the values given by Eq. ͑8͒, and i are the rms errors for each data point.
IV. RESULTS
Figures 1 and 2 show angular dependence of remanence curves for two different hand-drawn Co-␥-Fe 2 O 3 coatings. Although the coatings had identical pigments and were coated and oriented under identical conditions, they have different orientations because of different binder formulations and particle packing fractions. Figures 3 and 4 show the orientation distributions calculated from the remanence measurements using the two methods described above. As can be seen, there is very close agreement between the two methods.
The interparticle interaction fields for these two samples were also determined by measuring the area under the ␦I curves. 5 In spite of the substantial difference in orientation distributions, these interaction field parameters were only slightly different ͑Ϫ0.10 for the most highly oriented sample compared with Ϫ0.12 for the less oriented sample͒. This suggests that the difference in orientation was due more to a difference in the rheology of the dispersions.
We have also applied the MaxEnt technique to the solution of an axially symmetric three-dimensional distribution function; however, the method does not work as well as for the two-dimensional case. Although the reason for this is not entirely clear, it is probably related to the fact that the probability of finding a particle with axis between and ϩd is proportional to f ͑͒sin rather than f ͑͒, as is the case in two dimensions. Consequently, the calculation of f ͑͒ is less accurate for small and dependent somewhat on the initial conditions.
V. CONCLUSIONS
We have presented two new methods for determining an orientation distribution for a sample from angular dependence of remanence measurements. These methods, like previously reported methods, assume single-domain, noninteracting particles, and they also assume a two-dimensional orientation. Although these conditions are often approximated in magnetic tapes, the calculated distribution should nevertheless be considered as an effective two-dimensional distribution function. FIG. 4 . Distribution functions calculated from remanence measurements in Fig. 2 .
